Introduction
From 1991 until 2011, the amount of total harvested timber in Poland grew by 104%, from 18.20 to 37.18 × 10 6 m 3 (http://stat.gov.pl/). As harvesting timber using manual logging techniques has become less popular, the use of harvesters in forest operations has increased (Mederski, 2013) . The dynamic growth in the number of these machines is evidence of this trend. Fluctuations in the timber market and the related peak periods of demand for large amounts of timber within narrow time frames have made using harvesters a necessity, not only in coniferous tree stands, but also in broadleaved and mixed stands. The use of harvesters can be more productive in broadleaved stands (Mederski et al., 2008a (Mederski et al., , 2011 in comparison to coniferous stands (Mederski, 2006) . Additionally, due to thinning, damage caused by harvesters to residual trees in broadleaved stands does not exceed acceptable levels for coniferous stands (Bembenek and Mederski, 2005; Mederski et al., 2011) . As noted by Karaszewski et al. (2013a Karaszewski et al. ( , 2013b , one of the main aspects negatively affecting the quality classification of beech and pine round timber are scars resulting from mechanical damage due to traditional (motor-manual) technology. Likewise, the creation of strip roads to provide harvester access to the stands may lead to deformities in the shape of the trees growing along said strip roads (Stempski et al., 2011; Bembenek et al., 2013) . Damage to tree trunks can cause irregularities in trunk shape, and this in turn may result in less accurate measurements of log lengths (Mederski, 2013) .
To date, the use of harvesters in broadleaved stands in Europe has been analyzed by Martin et al. (1996;  followed by Sionneau and Cuchet, 2001) , Spinelli et al. (2002 , 2009 ), and Zinkevičius et al. (2012 , who assessed the harvesting of various species including chestnut (Castanea sativa Mill.) and aspen (Populus tremula L.)
Other studies have raised the issue of certain limitations related to difficulties in mechanized bucking (Glöde, 1999; Cacot et al., 2006) . The hypothesis that the tree species and the presence of problems while delimbing may affect accuracy when cutting logs to a specified length was accepted. Concurrently, it was assumed that the accuracy of log processing depends on the section of the trunk from which the log was cut. The assumption was made that logs measuring d 1/2 > 14 cm from the butt and middle section of the trunk are less likely to deviate from the required length than logs measuring d 1/2 ≤ 14 cm cut from the top of a tree with branches, which can cause resistance during delimbing and bigger deviations in length.
The research objective was to discover how tree species (birch vs. aspen) and log diameter (d 1/2 > 14 cm and d 1/2 ≤ 14 cm) affect bucking length accuracy.
Materials and methods
Sample plots for the study were selected in a premature 55-year-old broadleaved stand in a fertile lowland habitat in the Zaporowo Forest District of northern Poland (54°24′47″N, 20°8′50″E). The compartment area selected for the research was 13.59 ha. In the selected area, annual rainfall did not exceed 750 mm, the average temperature was 7° C, and the growing season was approximately 200 days. It was a naturally regenerated tree stand, dominated by birch (Betula pendula Roth), with some aspen (Populus tremula L.), alder (Alnus glutinosa Gaertn.), and willow (Salix alba L.) ( Table 1) .
The thinning operation was carried out in early spring, before the start of the growing season but after the snow had melted. Prior to thinning, the biosocial position of each tree was determined according to the Kraft classification (Kraft, 1884) . Diameter at breast height was measured, as was the height and length of the crown, where the base of the crown was assumed to be the first live branch forming part of the crown. Forest operations were carried out using a UTC 150-6LS harvester equipped with a prototype of the CTL 40HW head designed for broadleaved species. The head was shorter than most equivalent models (Table  2 ) and had one pair of delimbing knives and a mobile, hydraulically controlled top knife.
Four-meter-wide strip roads were cut into the study area every 20 m (from axis to axis). During bucking, the harvester did not move off the designated strip roads where it delimbed and cut the logs. The on-board computer was set to cut lengths from 2.46 m to 2.54 m, regardless of species or trunk diameter. In addition, the harvester measuring system was calibrated. Logs of only one length were cut for industrial use, measuring 2.50 m with a tolerance of ±0.05 m (the expected length was from 2.45 m to 2.55 m). Butt and middle logs were cut with a minimum middle diameter (d 1/2 ) of 14 cm, and top logs were cut from a tree part with branches and d 1/2 ≤ 14 cm. Round pulpwood logs measuring a minimum of 5 cm in diameter under the bark at the top end were harvested. The length of the logs was measured using a tape measure (accurate to 1 cm) directly after the harvester had completed bucking.
The compared data groups were varied in number (see Table 3 ) and did not satisfy the normality assumption (Pearson chi-square normality test; P < 2.2e-16); therefore nonparametric tests were applied. Where 2 data groups (birch and aspen) were compared, the Mann-Whitney U test was performed. The Kruskal-Wallis test was applied in a 4-data-group comparison (birch and aspen with d 1/2 > 14 cm and d 1/2 ≤ 14 cm). For purposes of statistical analysis, the level of significance was α = 0.05. Statistical analysis was performed using Statistica 10.0 software. 
Results and discussion
The frequency of logs of a fixed length (Figure 1) shows that for the group of birch logs with d 1/2 > 14 cm, the log lengths obtained had the smallest range (most stable length accuracy), while the lengths of the thinner aspen logs (d 1/2 ≤ 14 cm) deviated the most. The birch logs had a mean length of 2.49 m, which was closer to the required length than the aspen logs, which had a mean length of 2.45 m. The mean length of thicker birch logs measuring d 1/2 > 14 cm was 2.51 m, the closest to the target length. Analysis of the differences in log lengths between species using the Mann-Whitney U test confirmed statistically significant differences at P = 0.0027.
Deviations in length were observed regardless of species or thickness of logs, with aspen logs exhibiting the greatest deviation (highest standard deviation = 0.18) ( Table 3) . Extreme log lengths were found from thinner tree parts: 1.70 m (birch d 1/2 ≤ 14 cm) to 2.90 m (aspen d 1/2 ≤ 14 cm) (Table 3) .
Post hoc comparison among the 4 analyzed groups showed statistically significant differences (P < 0.05) between most of them (Table 4) . It is worth noting that for both species, the difference between the lengths of the thicker (d 1/2 > 14 cm) and thinner logs (d 1/2 ≤ 14 cm) was statistically significant. No statistically significant differences in the length of the logs were observed between birch and aspen (d 1/2 > 14 cm) and between birch (d 1/2 ≤ 14 cm) and aspen (d 1/2 > 14 cm) ( Table 4) .
The majority of logs (over 80%) reaching the expected lengths were birch logs measuring d 1/2 > 14 cm. Aspen logs measuring d 1/2 ≤ 14 cm accounted for the highest percentage of logs that did not meet the requirements (nearly 50%) (Figure 2 ). The majority of the logs that did not meet the length requirements (2.45-2.55 m) were too short; only birch measuring d 1/2 > 14 cm exhibited more logs that were too long (Figure 2) . The large share of birch logs measuring d 1/2 > 14 cm that were too long can be explained by their heavier weight causing higher inertial force before bucking. The measurement of all log lengths indicated a maximum deviation from -80 cm to 40 cm, i.e. -32% and 16%, respectively, of the specified length. These values are significantly higher than those recorded in the studies performed by Nieuwenhuis and Dooley (2006) , who observed individual deviations in length from -5% to 7% in the bucking of spruce for pulpwood. At the same time, they stated that the accuracy of length measurements is higher for butt logs than those cut from the upper part of the tree. As for the cause of incorrect measurements, they indicated that the particularly thick branching of the spruce resulted in knots that remained after delimbing and crooked upper stem sections. As far as this study of birch and aspen is concerned, the incidence of logs that exceeded the specified length can be explained as errors made due to sections with sweep (caused by the fact that the measuring wheel did not touch the side of the trunk). However, the cause of the log lengths that were too short (in extreme cases up to 80 cm) is not very clear. One possible reason for lengths that were too short may be slipping of the bark, or the loss of adherence of the measuring wheel when running the stem back as more strokes were needed to cut the heavy limbs. In that case, the measuring system will not deduct the distance travelled back from the total count, thus overestimating actual length.
It is important to note that the harvester operator aimed to cut log lengths up to 5 cm in diameter (under the bark), even from the upper part of the crown where forks and knots typically occur, making delimbing difficult. In such cases, the operator would cut a short length off, thereby removing the problem, before continuing work on the next log. The fact that there is a lower percentage of logs in both birch and aspen that are too short cut from the butt section of the trunk measuring d 1/2 > 14 cm in diameter supports this observation (Figure 2) .
In the context of harvester-measurement errors, it is important to point out that errors of length can likewise occur when bucking hardwood timber using the motormanual (with chainsaw) method. In their analysis of felling with a chainsaw in broadleaved stands while maintaining a tolerance of ±2 cm, Zinkevičius et al. (2012) noted that close to 30% of the logs did not meet target lengths. However, Spinelli et al. (2011) found that a harvester can give a more accurate processing length for poplar assortments than using a chainsaw for bucking.
The research results show statistically significant differences between the length of birch logs (longer) and aspen logs (shorter). This may be due to the biosocial position and morphology of the trees from the analyzed stand. In the case of aspen trees, a fast-growing species which can dominate tree stands in fertile habitats, the trees selected were mainly qualified as Kraft classes I and II. The majority of these trees had a long crown, which was the main cause of the differences indicated; the mean height of the base of the aspen crowns was 8.5 m, whereas for birch it was significantly higher at 11.2 m ( Table 1) . The aspen's longer crown also increased the chance of encountering a thickly branched top section of stem resulting in problems with delimbing and bucking round timber. Further analysis indicated statistically significant differences between the lengths of the thinner and thicker logs in both species. This result differs from that achieved in studies carried out by Mederski et al. (2008b) in an aspen tree stand, which did not reveal any statistically significant differences in the accuracy of the length of the harvested logs. It must be emphasized that, in the research mentioned above, the logs analyzed differed both in thickness and in length, which may have affected the results. Różański (1993) noted that as the length of cut pine logs increases, the accuracy of the lengths decreases. These findings by Różański (1993) suggest that different results from those presented in this paper may be obtained when many different assortments are processed.
An analysis of the complete data set reveals that in the case of logs measuring d 1/2 > 14 cm (both birch and aspen), over 80% of the logs fell within the accepted technical parameters. After rejecting the logs that were too short, only the batch of aspen logs (where 5% of the logs were too long) fulfilled the specified criteria norms, which, depending on the sample size, only permit from 6% to 10% of the logs to fall outside the acceptable length range. Therefore, the batch of birch logs, 13% of which were too long, could have been rejected by the buyer. The difference in the incidence of logs that did not conform to requirements indicates the need for further investigation into the frequency of the calibration of harvester measuring equipment or the determination of different (and optimal) measurement tolerance windows depending on the species being harvested. Timber of medium dimensions intended for general use that is shorter than expected is not necessarily disqualified from further processing. In the pulp industry, logs that are too short can be shredded and returned to processing after being debarked. In sawmill processing, logs that are too short do not provide timber of a desired length. This defect can eliminate such logs from further stages of timber processing.
The CTL 40HW head cut logs from thicker butt sections of the trunk (d 1/2 > 14 cm) with a high level of accuracy. It is, however, necessary to carry out further research into determining the optimal levels of length tolerance for particular species and stem sections (butt, top). Research by Mederski (2013) in third age class birchpine stands indicated a high accuracy of bucking within a measurement window between 2.53 m and 2.55 m for birch logs with a target length of 2.50 m but a minimum diameter of 12.3 cm. Bearing in mind the difficulties in processing birch logs of the third age class with a diameter of less than 12.3 cm (Mederski, 2013) , and the significant measurement errors regarding thinner logs as presented in this paper, it can be assumed that when a harvester is used to cut birch, the diameter at the narrowest end should be set at 12-14 cm. The remaining top can then be utilized as an energy resource, supplementing lack of biomass and renewable energy sources.
In addition, the mean length of the birch logs was bigger than that of the aspen logs. Logs cut from the butt section of the birch stem were closest to the target length. In the studied stands, most of the logs conforming to the norm (80%) were cut from the butt section (d 1/2 > 14 cm). Only 70% of the birch logs and 50% of the aspen logs cut from the top section of the tree (d 1/2 ≤ 14 cm) conformed to the standards expected.
The CTL 40HW harvester head is an effective alternative when harvesting birch and aspen timber in tree stands of the third age class. In order to achieve a better length accuracy of logs from top (narrower) sections of the stem, it is necessary to apply a different length tolerance compared to butt logs. As Figure 1 shows, a tolerance window for birch logs and aspen logs measuring d 1/2 > 14 cm was applied successfully. However, the novelty of the result is that for aspen logs d 1/2 ≤ 14 cm, the tolerance window should be moved to approximately. 2.50-2.58 cm in order to achieve a maximum frequency of expected log lengths. Another issue not considered in the present study is the quality of the logs, understood as the accuracy of delimbing and the amount of wounding (bark and wood losses due to head knives). Analyses of branch thickness and knot/stub heights are areas for further studies in order to assess the quality of the assortments from upper tree parts. However, if problems arise when using a harvester for bucking from the top section of birch and aspen stems due to sweep and knots, these assortments can be utilized, to a certain degree, as an energy source.
